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Abstract
We show that the axion coupling to photons can be enhanced in simple models with a single Peccei-
Quinn field, if the gauge coupling unification is realized by a large kinetic mixing χ = O(0.1) between
hypercharge and unbroken hidden U(1)H . The key observation is that the U(1)H gauge coupling
should be rather strong to induce such large kinetic mixing, leading to enhanced contributions of
hidden matter fields to the electromagnetic anomaly. We find that the axion-photon coupling is
enhanced by about a factor of 10 - 100 with respect to the GUT-axion models with E/N = 8/3.
I. INTRODUCTION
The axion, a, is a pseudo-Nambu-Goldstone boson as-
sociated with spontaneous breakdown of a global U(1)PQ
symmetry in the Peccei-Quinn (PQ) mechanism [1–4].
Not only does the axion solves the strong CP problem,
but it can also explain dark matter [5–7], which makes
it one of the well-motivated physics beyond the standard
model.
The axion or axion-like particles have been searched for
by numerous experiments (see e.g. Refs. [8, 9] for recent
reviews). Many of the on-going and planned experiments
exploit the axion coupling to photons,
L = gaγγ
4
aFµν F˜
µν , (1)
where Fµν is the photon field strength, and F˜
µν denotes
its dual. Therefore, the size of the axion-photon coupling
gaγγ for a given decay constant fa or axion mass ma is a
very important input for such experiments.
The axion-photon coupling is induced by one-loop di-
agrams where those particles running in the loop have
both electric and U(1)PQ charges. In fact, the coupling
depends on detailed structure of the PQ sector [10]. As
an extreme example, one can consider a clockwork (or
aligned) QCD axion model [11–13], which include multi-
ple PQ fields with a clockwork structure [14–18]. In this
case, the axion can have a coupling to photons [19] or
hidden photons [12], which is exponentially larger than
gluons. However, in simple models with a single PQ field,
there is a preferred range of gaγγ for a given fa [20, 21].
We show two representative cases as black dash-dotted
lines in Fig. 2. In this paper we limit ourselves to such
simple models with a single PQ scalar whose expectation
value is equal to the decay constant (up to the domain
wall number, NDW ).
Another important motivation for physics beyond the
standard model is grand unified theories (GUTs). In a
non-supersymmetric GUT, however, the unification scale
tends to be too low to satisfy the proton decay constraint,
and moreover, the gauge couplings seem to fail unify at
a single scale. One of the remedies for the gauge cou-
pling unification is to add a massless hidden photon with
a large kinetic mixing with hypercharge, U(1)Y [22]. Ac-
cording to the recent analysis using the two-loop renor-
malization group (RG) equations [23], the unification
scale is shown to be at 1016.5 GeV and the required ki-
netic mixing is χ(mZ) ≈ 0.37. Interestingly, the uni-
fication with a hidden photon is rather robust against
adding visible or hidden matters [23, 24]. This finding
enables us to incorporate the axion into the framework
in a consistent manner.
In this paper we study the axion coupling to photons
in a GUT scenario where a massless hidden photon has a
large kinetic mixing with hypercharge. Since the kinetic
mixing between U(1)Y and U(1)H is induced by one-loop
diagrams with bi-charged particles running in the loop, it
requires either many such particles and/or rather strong
hidden U(1)H gauge coupling [23, 24]. As we shall see,
the large kinetic mixing and strong U(1)H gauge coupling
enhance the electromagnetic anomaly, and the axion cou-
pling to photons can be enhanced even in a simple model
with a single PQ field. Such enhancement is advanta-
geous for the axion search experiments utilizing the the
axion photon coupling.
The rest of this paper is organized as follows. In Sec. II,
we estimate the axion-photon coupling in the presence
of hidden photons with large kinetic mixing and hidden
matter fields charged under U(1)PQ. In Sec. III, we show
that the axion-photon coupling can be indeed enhanced
in the GUT scenario with U(1)H . Finally, the last section
is devoted to discussion and conclusions.
II. AXION COUPLING TO PHOTONS AND
KINETIC MIXING
In this section, we show how the axion-photon coupling
is modified in the presence of unbroken hidden gauge
symmetry, U(1)H , which mixes with U(1)Y . First, let us
review the standard case without U(1)H . We assume that
the global U(1)PQ symmetry is spontaneously broken by
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2a single complex scalar field φ whose PQ charge is set to
be unity. The potential of φ is given by
V = λPQ
(
|φ|2 − v
2
PQ
2
)2
, (2)
with λPQ > 0, and φ contains the axion in its phase
component:
φ =
vPQ + ρ(x)√
2
exp
(
i
a(x)
vPQ
)
. (3)
The radial field ρ(x) has a large mass around vPQ, and
it is irrelevant for our discussion.
The global U(1)PQ symmetry is assumed to be explic-
itly broken by the QCD anomaly. To this end one intro-
duces heavy PQ fermions, ψ
(i)
L and ψ
(i)
R , which couple to
φ as ∑
i
φ ψ¯
(i)
L ψ
(i)
R + h.c.. (4)
Here and in what follows we assign PQ charges 1 and
0 on ψ
(i)
L and ψ
(i)
R , respectively. We assume that the
PQ fermions include PQ quarks charged under SU(3)C .
Through one-loop diagrams with the PQ quarks running
in the loop, the axion couples to the QCD anomaly,
g2s
32pi2fa
aGaµνG˜
aµν , (5)
where Gaµν is the gluon field strength, G˜
aµν is its dual,
and fa = vPQ/NDW is the decay constant of the QCD
axion. In the above example, NDW is equal to the num-
ber of the heavy PQ quarks. The axion acquires a mass
by the QCD instanton effects [25],
ma = 5.70(7)µeV
(
1012 GeV
fa
)
. (6)
which is inversely proportional to fa.
In general, the QCD axion also couples to photons
through the electromagnetic anomaly and mixings with
neutral mesons. The axion-photon coupling gaγγ in
Eq.(1) is given by [25]
gaγγ =
αEM
2pifa
(
E
N
− 1.92(4)
)
, (7)
where αEM is the fine-structure constant, and E and N
are the electromagnetic and color anomaly coefficients
given by
E =
∑
i
(Q
(i)
EM)
2Q
(i)
PQ, (8)
Nδab =
∑
i
TrλaλbQ
(i)
PQ, (9)
where Q
(i)
EM is the electric charge of ψ
(i), Q
(i)
PQ the PQ
charge of ψ
(i)
L , λa the generators for the PQ quarks under
SU(3). For the fundamental representation of SU(3)C ,
we have N = 12
∑
QPQ. The ratio of the electromagnetic
and color anomaly coefficients, E/N , is equal to 8/3 if the
PQ fermions form complete multiplets under SU(5)GUT,
and equal to 0 if the PQ fermions do not carry any electric
charges. So the axion-photon coupling is determined by
the gauge coupling constant and the anomaly coefficient.
One can see from Eqs. (8) and (9) that E/N is en-
hanced if either QEM or QPQ is large. As we shall see
shortly, a large QEM is induced in a GUT scenario with
hidden photons. On the other hand, in the clockwork
QCD axion models [11–13], some of heavy PQ fermions
have exponentially large QPQ. Then, for appropriate
charge assignment of the PQ fermions and interactions
with the PQ fields, the axion-photon coupling can be
enhanced [10, 19]. Note that one needs asymmetry in
the color and electric charge assignments in this case,
since otherwise the enhancement due to exponentially
large QPQ would be canceled in the ratio E/N . This
necessitates introduction of GUT-incomplete multiplets.
In this sense, the above two scenarios are complementary
to each other.
Next, we consider the effect of U(1)H and its kinetic
mixing with hypercharge. In the original basis where
the kinetic mixing is apparent, the kinetic terms of the
hypercharge and hidden gauge bosons, A′Y µ and A
′
Hµ,
are
LK = −1
4
F ′µνY F
′
Y µν −
1
4
F ′µνH F
′
Hµν −
χ
2
F ′µνY F
′
Hµν , (10)
where F ′µν and F
′
Hµν are field strengths of U(1)Y and
U(1)H , respectively. Let us introduce a PQ fermion
ψ(qY , qH) charged under U(1)Y and U(1)H . The rele-
vant part of the Lagrangian is
Lψ = −(kφ ψ¯LψR + h.c.)
+ ψ¯γµ[qY g
′
YA
′
Y µ + qHgHA
′
Hµ]ψ, (11)
where g′Y and gH are gauge couplings of U(1)Y and
U(1)H in the original basis.
One can make the gauge bosons canonically normalized
by the following transformation:
A′Y µ =
AY µ√
1− χ2 , A
′
Hµ = AHµ −
χ√
1− χ2AY µ, (12)
LK = −1
4
FµνY FY µν −
1
4
FµνH FHµν . (13)
Then, in the canonical basis, the gauge interaction terms
of ψ are given by
ψ¯γµ(qY g
′
YA
′
Y µ + qHgHA
′
Hµ)ψ =
+ ψ¯γµ[(qY − qeff)gYAY µ + qHgHAHµ]ψ, (14)
with
gY =
g′Y√
1− χ2 , qeff = qH
χ√
1− χ2
gH
gY
. (15)
3One can see that hypercharge gauge coupling gY in the
canonical basis is larger than g′Y in the original basis,
while gH remains unchanged under the transformation.
It is important to note that the hidden charged parti-
cle acquires an effective hypercharge qeff in the canonical
basis even if qY = 0. In this section we set qY = 0 for
simplicity. (In the next section we also consider a case
with qY 6= 0.)
Due to the effective hypercharge, the hidden charged
particle also contributes to the electromagnetic anomaly.
Its contribution ∆E is
∆E =
q2Hχ
2
1− χ2
g2H
g2Y
(16)
where the right-hand side is evaluated at the mass of ψ,
mψ = kvPQ/
√
2.1 Note that gaγγ can be significantly
enhanced for χ = O(0.1) and qHgH = O(1). For in-
stance, we obtain ∆E ≈ 23 for χ = 0.44, qHgH = 4.4
and gY = 0.45, where those values are motivated by the
GUT scenario with mψ = 10
16 GeV.
Lastly let us mention other interactions induced by the
hidden charged PQ fermions,
gaγγ′
4
aFµν F˜
µν
H ,
gaγ′γ′
4
aFHµνF˜
µν
H , (17)
with
gaγγ′ =
√
αEMαH
pifa
(
− 1
N
χ√
1− χ2
q2HgH
gY
)
gaγ′γ′ =
αH
2pifa
(
1
N
q2H
)
. (18)
Here we have defined αH = g
2
H/(4pi). We will briefly
discuss implications of the above axion-photon-hidden
photon and axion-hidden photon interactions in the last
section.
III. ENHANCED AXION-PHOTON COUPLING
IN GUT WITH U(1)H
We have shown that gaγγ is significantly enhanced if
both χ and gH are large. In fact, such large χ and gH
are strongly favored by the GUT with U(1)H , as we shall
see below. Here and in what follows we consider only
complete multiplets under SU(5)GUT.
Firstly, the SM gauge couplings unify at around
MGUT = 10
16.5 GeV with the kinetic mixing of χ(mZ) ≈
0.37 according to the analysis using the two-loop
RGEs [23].2 The unification is essentially determined
only by χ(mZ) and is insensitive to the size of gH nor
1 In fact, ∆E is invariant at a scale below mψ under the RG
running at the one-loop level.
2 In the analysis using one-loop RG equations [22, 24], the unifi-
cation scale was around 1017 GeV with χ(mZ) ≈ 0.4.
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FIG. 1. The RG running of the gauge coupling constants.
We take χ(mZ) = 0.365, αs(mZ) = 0.1185 and mt(pole) =
173.34 GeV.
the presence of visible and hidden matter fields at an in-
termediate scale [23, 24]. Therefore a very large kinetic
mixing is required by the GUT with U(1)H .
Secondly, a rather large gH is required to induce
such large kinetic mixing via loop diagrams involving bi-
charged fields. To see this, let us introduce Nf bi-charged
matter fields, Ψ5i , which transform as 5 under SU(5)GUT
and has U(1)H charge of qH = −1. In order for Ψ5i to
induce a large kinetic mixing at the GUT scale, one needs
to pick up GUT-breaking effects because of the vanishing
sum of hypercharge in the GUT complete multiplets. Af-
ter the GUT breaking, Ψ5i generically splits into SU(3)C
triplet ΨDi and SU(2)L doublet ΨL¯i , respectively;
−L ⊃
Nf∑
i=1
(
M5Ψ5iΨ5i + kΨ5i 〈Σ24〉Ψ5i
)
=
Nf∑
i=1
(
MDΨDiΨDi +MLΨL¯iΨL¯i
)
, (19)
where M5 ∼MGUT, Σ24 is a GUT breaking Higgs, gGUT
is a coupling constant of SU(5)GUT, and MD and ML are
masses of ΨDi and ΨL¯i , respectively. Then, the induced
kinetic mixing at one-loop level is estimated as
χ(MGUT) ≈ 0.12Nf
(gGUT
0.53
)
×
[
gH(MGUT)
4pi
] [
ln(MD/ML)
ln 4
]
. (20)
We see that Nf = O(1) and gH(MGUT) ∼ 4pi induces the
kinetic mixing of χ(MGUT) = O(0.1) with a slight mass
splitting between MD and ML.
3
3 With the mass splitting, we also have threshold corrections to
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FIG. 2. The predicted axion-photon couplings as a function of
the axion mass and experimental constraints. The sensitivity
reaches of future experiments are shown as dashed-lines.
The RG runnings of the gauge coupling constants at
the two-loop level are shown in Fig. 1. We take χ(mZ) =
0.365 and αs(mZ) = 0.1185. The black solid lines show
the RG runnings of the SM gauge couplings, α1, α2 and
α3 from top to bottom, where the normalization of U(1)Y
is taken as 4piα1 = (5/3)g
′
Y
2
. We see that the SM gauge
couplings unify at around 1016.5 GeV. The blue dotted
and red solid lines show the running of the hidden gauge
coupling in the following cases (i) and (ii), respectively;
Case (i) : L ⊃ −
[√
2φ(ψ5Lψ5R + ψHLψHR) + h.c.
]
,
Case (ii) : L ⊃ −
[√
2φψ
b
5Lψ
b
5R + h.c.
]
, (22)
where ψH is a hidden matter field with a charge of
qH = 1, which is a SM gauge singlet; ψ5(0) and ψ
b
5 (−1)
transform as 5 under SU(5)GUT and their U(1)H charges
are shown in the parentheses. (The superscript ‘b’ means
bi-charged.) In the figure vPQ = fa is taken to be
1012 GeV. In both cases, we take the largest possible gH
avoiding the Landau pole below the GUT scale. Note
the gauge coupling constants as[
∆α−13 −∆α−12
]
MGUT
' Nf
6pi
ln(MD/ML),[
∆α−11 −∆α−12
]
MGUT
' 2Nf
15pi
ln(MD/ML),[
∆α−13 −∆α−11
]
MGUT
' Nf
5pi
ln(MD/ML). (21)
For a certain range of the parameters, the threshold corrections
remain so small that their effect on the estimated χ is negligible,
while the required χ = O(0.1) is realized.
that the RG runnings of the SM gauge couplings are (al-
most) same in both case (i) and case (ii).
With the large χ and gH motivated by the GUT with
U(1)H , the axion-photon coupling gaγγ is significantly
enhanced. In Fig 2, we show the predicted gaγγ in the
cases (i) and (ii), as well as experimental/astrophysical
constraints. As in the previous figure, we take χ(mZ) =
0.365. The hidden gauge coupling, gH , is taken as the
largest possible value for a fixed fa, avoiding the Landau
pole below the GUT scale. The blue dotted (red solid)
line corresponds to the case (i) (case (ii)), where the mass
of the matter fields are set to be fa. Interestingly, some
part of the predicted region is already excluded by the
ADMX experiment [26, 27], and a large fraction of the
region will be tested by future axion haloscopes such as
ADMX [28], CULTASK [29], MADMAX [30], ABRA-
CADABRA [31], whose sensitivity reaches are also shown
in the figure. The enhanced gaγγ can be also reached by
the next generation helioscopes. The sensitivity reach of
IAXO [27, 32] is shown as blue-dashed line.
For comparison, the predicted gaγγ in the usual case
without U(1)H are also shown (E/N = 8/3 and E/N =
0). Here, E/N = 8/3 corresponds to the case with
L ⊃ −√2φ(ψ5Lψ5R + h.c.), which preserves the gauge
coupling unification. We see that gaγγ in the case (ii)
is enhanced by about a factor 10 - 100 for fa = 10
10-
1016 GeV compared to the case of E/N = 8/3.
Finally, we provide the approximate fitting formula for
gaγγ in the case (ii);
log10(gaγγ/GeV
−1) ' [−8.9954 + 0.8862x
− 0.0255x2 − 0.00285x3] , (23)
where x = log10(ma/eV). The fitting formula is applica-
ble in the range, 5.0× 10−10 eV ≤ ma ≤ 0.1eV.
IV. DISCUSSION AND CONCLUSIONS
We have shown that the axion coupling to photons
can be enhanced in a simple model with a single Peccei-
Quinn breaking field, if the gauge coupling unification is
realized by a large kinetic mixing between hypercharge
and unbroken hidden U(1)H . The U(1)H gauge coupling
should be rather strong to induce the large kinetic mix-
ing (see Eq.(20)). Consequently, matter fields charged
under U(1)H significantly contribute to the electromag-
netic anomaly: the axion-photon coupling is enhanced by
about a factor 10 -100 for fa = 10
10-1016 GeV, which can
be tested in on-going and future experiments.
Let us comment on possible effects of gaγγ′ and gaγ′γ′ .
For the kinetic mixing χ ≈ 0.37 required for the suc-
cessful gauge coupling unification, these couplings are re-
lated to gaγγ as |gaγγ′ |/gaγγ ' 5 - 6 and gaγ′γ′/gaγγ ' 8 - 9
for fa = 10
10-1016 GeV. The coupling gaγγ′ contributes
to extra stellar cooling through plasmon decay. This is
analogous to the stellar cooling due to neutrino dipole
moment [33]. Based on our rough estimations, we ob-
tain the constraint gaγγ′ . O(10−9) GeV−1, which can
5be translated to gaγγ . O(10−10) GeV−1. This limit is
not as stringent as the CAST bound, and so, this argu-
ment does not affect our results. Recently, it was pointed
out in Refs. [34, 35] that the other coupling, gaγ′γ′ , poten-
tially suppresses the axion abundance via explosive pro-
duction of hidden photons. According to the lattice cal-
culations with fa = 10
16 GeV [35], the axion abundance
is modified for gaγ′γ′ & 10/fa and and the suppression
factor is at most of order 102 for gaγ′γ′ ≈ 200/fa. Such
large coupling to hidden photons is easily realized in the
clockwork QCD axion models [11–13], but not in simple
models with single PQ field. Therefore, explosive hidden
photon production does not take place in our set-up.
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